Topological Insulators (TIs) have a bulk band gap and gapless surface states that are protected by time reversal symmetry, induced by strong spin-orbit interaction. Since the surface states behave like massless Dirac fermions, which carry electrical as well as spin currents with extremely high mobility, TIs present an opportunity for novel information processing devices. Therefore, electrical transport properties of TIs are of considerable current interest. However, studying topological surface states via electrical transport measurements is still very difficult due to large bulk contribution to conductivity originating from unintentional doping and the small bulk band gaps, which are typical for TI materials. Various approaches have been developed to suppress bulk conductivity, for example, by compensatory doping, [1] [2] [3] increasing the surface-to-volume ratio through nanostructuring, [4] [5] [6] [7] [8] or by electrical gating. 2, [8] [9] [10] Another apparently straight forward approach is improving the stoichiometry to achieve ideal intrinsic material. Bi 2 Te 3 , also well known as an excellent thermoelectric material, is one of the common TI materials and has been synthesized via different growth methods in various morphologies, e.g., Bi 2 Te 3 bulk material, 11 thin films, 12,13 nanoribbons, 8 nanobelts or nanowires (NWs). 5, 14, 15 However, up to now electrical transport properties of these structures vary strongly. Small formation energies of antisite defects exacerbate the control over structural and electronic properties of Bi 2 Te 3 . Therefore, the reported Fermi surface properties differ strongly from the theoretically expected values for massless Dirac fermions in topological surface states.
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Here, we report on parallel and perpendicular magnetoresistance (MR) measurements at low temperatures on singlecrystalline Bi 2 Te 3 NWs. We show that the electrical transport in our NWs is dominated by topological surface states at low temperatures, which is the result of excellent material quality. In Ref. 15 , we presented a facile way for achieving single-crystalline, stoichiometric Bi 2 Te 3 NWs with intrinsic electrical transport properties at room temperature.
The NWs were synthesized via catalytic growth in a single zone tube furnace (MTI, Inc., USA/OTF-1200X-25). After 1 h synthesis, the NWs were post-annealed in a Te-rich atmosphere at 250 C for 100 h inside a sealed quartz tube. The post-annealing step is key to obtaining good stoichiometry and minimizing the defect-concentration. Details of the NW synthesis and post-annealing are described in Ref. 15 .
The dimensions of the NWs were determined by atomic force microscopy (AFM) and scanning electron microscopy (SEM). In Fig. 1(a) , a representative SEM image of the NW growth substrate is shown. The morphology of the NWs is either cylindrical or rectangular with thicknesses (smallest length perpendicular to the NW axis) of 30-150 nm and lengths up to 15 lm. High resolution transmission electron microscopy (HR-TEM) imaging reveals a hexagonal crystal structure and the growth direction along the (110) orientation, perpendicular to the c-axis ( Fig. 1(b) ). Before annealing, the as-grown NWs exhibit a Te depletion near the NW surface, and an average chemical composition of , which has been reported for the purest bulk Bi 2 Te 3 specimens. 11, 16 Further, the annealed NWs show semiconducting temperature dependence in conductivity, which has been measured between 300 K and 460 K. 15 The intrinsic electrical transport of the annealed Bi 2 Te 3 NWs above room temperature suggests a very low bulk carrier concentration, which makes them excellent candidates for investigations of topological surface states via electrical transport measurements. For electrical characterization, the annealed NWs were mechanically transferred onto Si substrates with a 300 nm SiO 2 layer. Electrical contacts to the NWs were defined using a laser-lithography system (Heidelberg Instruments lPG 101). After development, in situ sputter etching with Ar was used to remove any photoresist residues or surface oxide prior to the sputter-deposition of Ti (5 nm) and Pt (80 nm), followed by a standard lift-off process. In Fig. 1 (c), a typical device used for the electrical measurements is shown. Our experiments were performed in a cryostat system (Quantum Design Physical Property Measurement System) with a base temperature of 2 K in helium atmosphere, equipped with a 9 T magnet. The resistance of the NWs was determined by standard low frequency lock-in techniques. By comparing two-terminal and four-terminal measurements on our Bi 2 Te 3 NWs, contact resistances were found to be negligible, thus modulations in the MR curves can be attributed to the NWs. The linear IV-curves in Fig. 1(d) demonstrate that the electrical contacts to the NWs are ohmic over the whole temperature range.
We present data for three annealed Bi 2 Te 3 NWs with different rectangular cross sectional areas of NW 1: 161 Â 60 nm, NW 2: 213 Â 150 nm, and NW 3: 321 Â 80 nm. The conductivity at T ¼ 300 K for the three measured NWs is r ¼ (1.81 6 0.09) Â 10 4 X À1 m À1 on average, which is in excellent agreement with the values we measured for same type of NWs in Ref. 15 . All three NWs exhibit a similar temperature dependent resistance. A typical resistance versus temperature curve at zero magnetic field is shown in Fig. 1(d) . Between 300 K and 260 K, the resistance increases with decreasing temperature. This is consistent with semiconducting temperature dependence measured above 300 K, which has been presented in Ref. 15 . Below %260 K, the resistance decreases for decreasing temperature and saturates at around 5 K, indicating a typical metallic behavior. A similar temperature dependent resistance has also been observed for our single-crystalline Sb 2 Te 3 NWs, reported in Ref. 6 , and other small band gap topological insulators, e.g., Bi 2 Se 3 nanoribbons and thin films, or Bi 2 Te 3 crystals. 7, [17] [18] [19] On the other hand, for single-crystalline chemically synthesized Bi 2 Te 3 NWs and nanoribbons, a semiconducting behavior at very low temperatures has been reported, which is attributed to carrier freeze-out of impurity band conduction. 5, 17 Further, the residual resistivity ratio (RRR) of R 300 K /R 4 K % 4 for our measured NWs is considerably higher than in the previous reports on Bi 2 Te 3 NWs. For a TI material, electrical transport results from a superposition of contributions from the semiconducting bulk and from the metallic surface states. Therefore, the metallic behavior at low temperatures and the high RRR of our NWs indicate a dominant surface state contribution to electrical conductivity at 2 K.
In Fig. 2 , the MR of NW 1 is shown where the magnetic field is applied parallel to the NW axis. The MR exhibits three pronounced features. Around B ¼ 0 T a sharp dip can be seen, which is attributed to the weak antilocalization (WAL) effect, consistent with the presence of strong spinorbit coupling. 20 Further analysis of the WAL effect in our oscillations appear. A plot of the oscillations after subtracting a trace recorded at 6 K ðDR ¼ R 2K À R 6K Þ is shown in Fig. 2(b) . The high degree of linearity in the corresponding index plot indicates that the oscillation period remains constant over the whole magnetic field range. We attribute these periodic oscillations to the Aharonov-Bohm (AB) effect, 21 which is predicted when charge carriers remain phase coherent around the NW's perimeter and thus enclose a magnetic flux U 0 ¼ h/e, where h is Planck's constant and e is the unit charge. 4, 7, 8 The enclosed area A is associated with the period of DB ¼ U 0 /A. The excellent agreement between the area extracted from the AB oscillation period (9.96 6 0.06) Â 10 À15 m 2 and the measured cross-sectional area of the NW (9.66 6 0.57) Â 10 À15 m 2 indicates the presence of surface states. Both, the WAL resistance dip and the AB oscillations are symmetric around zero field and smear out with increasing temperature.
The third dominant feature in the parallel MR curve is the resistance drop above B ¼ 66 T at 2 K. The MR decreases strongly and becomes negative at around 68 T. For higher temperature the MR drop is shifted to lower magnetic fields.
In the following, we will discuss the results of MR measurements for all three NWs, where the magnetic field is applied perpendicular to the current along the axis of the rectangular NWs. In Fig. 3(a) , the representative perpendicular MR of NW 1 in the low magnetic field range is shown. All three NWs showed similar perpendicular MR. We observe two prominent features. As in parallel MR, there is a sharp dip around zero field, which we attribute to the WAL effect. In the 2D case the correction factor to conductivity Dr can be described by the Hikami-Larkin-Nagaoka formula 20 
Dr
where L U is the phase coherence length and w(x) is the digamma function. It should be noted that the geometry of a rectangular NW with surface states differs from a planar 2D
system. An analysis of the WAL effect by fitting the conductivity peak around zero field for all three measured NWs with the Hikami-Larkin-Nagaoka formula is shown in Fig.  3(b) . The resulting prefactor a yields information about the scattering mechanism. A prefactor of a ¼ À1/2 is expected for strong spin-orbit interaction and no magnetic scattering. 20 In experiments a usually covers a wide range, because the measured conductivity peak around zero magnetic field displays a collective result from both the surface states and the bulk. 22, 23 Thus, separating the bulk and surface contributions to the prefactor a is difficult. Our analysis for the three measured NWs yields the following prefactors at 2 K: NW 1 (a ¼ À0.51 6 0.03), NW 2 (a ¼ À0.51 6 0.01), and NW 3 (a ¼ À0.43 6 0.03). These values indicate strong spin-orbit coupling in our NWs, which is a prerequisite for topological surface states. As expected, the prefactor a decreases with increasing temperature, due to a decreasing phase coherence length, shown in Fig. 3(b) . Whereas a surface-to-volume ratio dependence of a was not evident for the three measured NWs. The corresponding phase coherence lengths at 2 K for the three measured NWs are: NW 1 (L U ¼ 167 6 9), NW 2 (L U ¼ 165 6 1), and NW 3 (L U ¼ 284 6 5).
For higher magnetic fields up to 61 T oscillations occur, which are periodic in 1/B, as shown in the inset of Fig. 3(a) , where DR is plotted against 1/B. We attribute these oscillations to the Shubnikov-de Haas (SdH) effect. The Landau index n is related to the Fermi surface by the following equation:
where c ¼ 0 or 1 = 2 , e is the unit charge, h is the reduced Planck constant, and B is the magnetic flux density. However, since SdH oscillations can arise from both bulk carriers and surface states it is necessary to clarify the surface state contribution. In Fig. 3(c) , the Landau index n, which is defined as the minima of the resistance oscillations, is plotted against 1/B for all three NWs. For higher accuracy, the resistance maxima are also plotted in the same diagram. The linear extrapolation intercepts the n-axis at the values NW 1: c ¼ 0.65 6 0.09, NW 2: c ¼ 0.55 6 0.14, NW 3: c ¼ 0.56 6 0.05, which are in good agreement with the predicted p-Berry phase (c ¼ 1 = 2 ), expected for ideal 2D Dirac fermions with a linear dispersion relation. 19, 24, 25 In contrast, for a regular 2D electron system the intercept would be zero. From the slope of the Landau index plot the cross-sectional Fermi surface area S F can be calculated. Using the equations 5, 19, 24, 25 
the Fermi wavevector k F and the 2D carrier concentration n 2D are estimated to be k F ¼ 0.01 Å À1 and n 2D ¼ 1.7 Â 10 11 cm À2 for NW 1. The values for all three NWs are in the same range, summarized in Table I . The 2D carrier concentration is very low compared to the values reported for chemically synthesized Bi 2 Te 3 NWs n 2D % 4.9 Â 10 12 cm À2 and Bi 2 Te 3 nanoribbons n 2D % 1 Â 10 12 cm À2 . 5, 8 We also analysed the temperature dependent damping of the SdH oscillations. The amplitude of the oscillation is reduced due to disorder and thermal smearing. 24 The temperature dependence of the conductivity amplitude can be described by For NW 1 the carrier mobility l of the surface states can be calculated by finding the Dingle damping factor from disorder R D ¼ e Àp=sx c , 24, 26 where s is the scattering time and x c is the cyclotron frequency. The resistance amplitude of the SdH oscillations is proportional to
If we plot log½DRBsinh v T ð Þ À Á against 1/B, the carrier mobility can be subtracted out of the slope in the logarithmic plot, 5, 8, 19 which is shown in Fig. 3(d) . We estimated a carrier mobility of l ¼ 21 000 cm 2 V À1 s
À1
. By comparing the surface conductivity G s ¼ e 2 =h À Á k F l with the total conductivity G total , 8 we estimated a surface contribution of G S =G total ¼ 70%. This confirms that the electrical transport is dominated by the surface states. For NW 2 and NW 3, the Dingle damping factor could not be determined because of too small oscillation amplitudes.
For higher magnetic fields, the MR shows a linear increase, which also has been observed for Bi 2 Se 3 thin films 27 and nanoribbons, 28 Bi 2 Te 3 crystals 19 and thin films. 12, 29 The corresponding authors argue that the unusual nonsaturating linear MR at high magnetic fields could be attributed to Abrikosov's "quantum linear magnetoresistance" mechanism, 30 which is predicted for a system in the quantum limit with a gapless linear dispersion relation. 12, 19, 27, 28 The quantum limit requires a magnetic field that is high enough that the degeneracy of each Landau level is very high and all the carriers are condensed in the lowest Landau level. 30 Recent experimental investigations revealed that quantum linear MR could also appear at even lower magnetic fields, with a few populated Landau levels. 31 In our case the lowest Landau levels are in the magnetic field range of the expected quantum limit where the nonsaturating linear MR begins.
In summary, MR measurements were performed with the magnetic field parallel and perpendicular to the NW axis at temperatures down to 2 K for three single-crystalline Bi 2 Te 3 NWs. We showed that the observed quantum effects in MR characterize different aspects of the topological surface states in our Bi 2 Te 3 NWs. AB oscillations in parallel MR indicate the presence of surface states. Weak antilocalization suggests strong spin-orbit coupling, which is a prerequisite for topological surface states. SdH oscillations in perpendicular MR exhibit a p-Berry phase, as expected for 2D Dirac fermions. Further, extremely low 2D carrier 
